This paper reports some effects of temperature variation, nutritional stress and a novel alteration in energy availability upon larval fitness in Drosophila melanogaster. The cofactor nicotinamide adenine dinucleotide (NAD) has been chosen as a novel energy source to be supplemented in food during larval development. The effects have been assessed at the phenotypic level for larval survival and development time and at the genotypic level for the alcohol dehydrogenase (Adh) and glycerol-3-phosphate dehydrogenase (Gpdh) loci. Supplemented NAD was found to increase survival at the lower temperatures and decrease survival at the higher temperatures. Further, for each temperature, NAD decreased development time although this effect diminished as temperature increased. There were no significant effects at the genotypic level. Hence a phenotypic approach studying the effects of environmental stresses and novel energy availability may be useful in understanding fitness variation in Drosophila populations.
INTRODUCTION
emphasised the need to commence at the phenotypic level to understand fitness relations in natural populations. In a study of temperature-dependent fitness differences and the alcohol dehydrogenase locus (Adh) in Drosophila melanogaster, these authors suggested that direct assessments of environmental stresses of ecological importance may provide an initial strategy. This paper adopts these ideas and additionally follows Watt's (1985 Watt's ( , 1986 proposal that a bioenergetic approach can be helpful in evolutionary genetics. This is by studying energy flow through organisms leading to a unification of biochemical and ecological aspects. Results are presented here on the effects of environmental stress, together with a novel alteration in energy availability, upon larval fitness in D. melanogaster.
The larval fitnesses of genotypes at the Adh and glycerol-3-phosphate dehydrogenase (Gpdh) loci have been estimated to investigate possible single locus selection.
Temperature variation (Kohane and Parsons, 1986) and food of limited nutrient value (Bakker, 1961) are the environmental stresses and the cofactor nicotinamide adenine dinucleotide (NAD) is the novel energy source to be supplemented in food during larval development. NAD is chosen on the basis of its direct participation in the electron transport chain, oxidative phosphorylation and thus ATP production ( fig. 1 ; Jeffrey, 1980; Geer et aL, 1983) ; and its associated role as a cofactor for many dehydrogenases, including ADH and GPDH (Conway and Koshland, 1968; Page, 1976; Branden and Ekiund, 1980) . NAD is thus considered a molecule of broad metabolic and physiological function (Lehninger, 1971 (Lehninger, ,1982 and contrasts with the specific molecules such as substrates, intermediates or end-products of particular metabolic pathways commonly used in the assessment of the adaptive significance of allozyme polymorphisms (Clarke, 1975) .
The hypothesis to be considered here is that the presence of a novel energy source, NAD, together with temperature variation (i.e., a temperature x NAD interaction), can modify metabolic and physiological processes during larval development, leading to changes in the larval phenotype. This modification, together with stressful nutrient conditions, may in turn enhance differences in the functional abilities of the ADH and GPDH allozymes during critical developmental periods when their respective structural and regulatory genes are expressed.
The experiments presented therefore assess larval survival and development time under the stressful nutrient conditions of limited yeast and no flies and transferred to empty half-pint milk bottles. Food-covered watch-glasses were taped to the mouths of the bottles which were inverted and cultured at 25°C for 6 hours, after which time the adults were discarded. Larvae were collected from the watch-glasses following a further 18 hours culture at 25°C.
Food composition and preparation
The basic food in these experiments contained limited amounts of yeast and no glucose. The yeast concentration of 127 mg/larvae was selected as one which significantly restricted nutrient levels (McKechnie et a!., 1981) . Only larvae which develop relatively rapidly in these stressful conditions reach their critical weight for pupation before resources are exhausted (Bakker, 1961) . Each test vial contained a base agar layer (3.0 per cent agar, 10 per cent nipagen) of 50 ml. This was prepared first and left to set for 24 hours. The 20 ml food layer then added contained 10 per cent agar, 127 mg/larvae yeast, 10 per cent nipagen and either 00 or 05 mg/larvae NAD. The NAD was added after the other ingredients had been cooked and cooled to a point just prior to setting. Sixty larvae (0 to 3 hours old) were transferred to each vial within 2 hours of preparation and the vials were randomly assigned to 4 tem- Ayala eta!. (1972) . It is assumed that the supplemented NAD is ingested and utilised by the developing larvae (Fiegelson eta!.,1951; Chaykin, 1967; Schwartz et a!., 1975) . the input of 60 larvae. Temperature and the temperature x NAD interaction exerted significant effects on survival but NAD did not. The effect of temperature was such that survival increased from a minimum at 15°C to a maximum at 29°C. The significant temperature x NAD interaction was evident in fig. 2 where the shapes of the survival curves for both NAD levels differ. In the absence of NAD there was a smooth increase in the number of flies surviving from 15°C to 29°C. However, in the presence of NAD relatively more flies survived at 15°C and 20°C and relatively fewer flies survived at 25°C and 29°C. Figure 3 gives the mean development times of the surviving flies at each temperature and NAD level and the corresponding ANOVA is table 2. Development time is expressed as T112, the time taken for half of the surviving flies to emerge, and is given in days. Temperature, NAD level and the interaction effect were significant in the ANOVA. Temperature (°C) .-. 00 mg / larvae NAD ---'° 05 mg/ larvae NAD Figure 3 The mean development times (T112, in days) of surviving flies in five replicates at each temperature (15°C, 20°C, 25°C and 29°C) and NAD level (00 and 05 mg/larvae). The larvae used in this experiment were immediately derived from flies collected at Chateau Tahbilk. development time in its absence. Considering the interaction, the differences in development times in the presence and absence of NAD were greatest at the lowest temperature, 15°C, and decreased as temperature increased to 29°C.
As noted in the Materials and Methods, allozyme genotypes were determined for flies surviving at 15°C, 25°C and 29°C but not 20°C. (Kohane and Parsons, 1986) . for 0.0 and 05 mg/larvae NAD respectively to obtain an estimate of the development time of GpdhSS. Considering the ANOVA for Adh, significant factors were temperature, NAD and the temperature x NAD interaction. Genotype was not significant. This analysis therefore accords with that for development time independent of Adh genotype (table 2) . Comparisons between the mean development times of the Gpdh genotypes also indicated that there were no significant differences in development times between genotypes.
DISCUSSION
The data presented here indicate that a temperature x NAD interaction can modify aspects of the larval phenotype-at the lower temperatures tested NAD enhanced survival while at the higher temperatures NAD reduced survival. Further, for each temperature, the presence of NAD decreased development time, although this effect diminished as temperature increased.
It is important to attempt to explain the likely novel functional activity detected here for supplemented NAD during larval development. Firstly, supplemented NAD could have acted as an additional energy source under the limited nutrient conditions. Therefore, sucrose and glucose may have had a similar effect and this possibility is currently being assessed. Secondly, supplemented NAD could have acted as a substrate for a variety of dehydrogenases, enhancing metabolic activity as a consequence of improved substrate availability under the limited nutrient conditions. Dehydrogenases requiring NAD are slow reacting enzymes with NAD dissociation being the rate-limiting step (Jeffrey, 1980) . Therefore, increasing the cytosol NAD concentration under stress could enable these enzymes to reach optimum activity levels and positively affect the cytosol NAD/NADH ratio as described for rabbit muscle glycerol-3 -phosphate dehydrogenase by Conway and Koshland (1968) . Dietary stress can disrupt an organism's NAD/NADH ratio, which under normal metabolic conditions is strictly regulated, leading to many metabolic abnormalities (Veech, 1974; Veech et aL, 1972; McElfresh and McDonald, 1983) . More rapid development time as a consequence of enhanced metabolic activity could then be due to increased enzyme activities and/or the alteration of the cytosol NAD/NADH equilibrium and its subsequent re-attainment.
The survival results may be due to the fact that since temperature affects all metabolic processes, acceleration of development rate may be adaptive at low temperatures but detrimental at higher temperatures under nutritional stress. In the latter case metabolic and physiological processes may be at an upper limit and, if this is exceeded, survival may be affected (Kohen et a!., 1970; Hochachka and Somero, 1984) . Kohen et a!. (1970) studied ascite cell cultures and found that whilst glycolytic flux could be increased by raising the temperature from 23°C to 37°C, there was a maximum level of glycolytic flux which could not be increased by higher temperature. The magnitude of this effect was related to the preheating level of glycolytic activity in the extramitochondrial space. Further, maximum increase in glycolytic flux at the higher temperatures occurs in conditions where, at room temperature, NADH reoxidation (probably by LDH) lags behind NAD reduction by glyceraldehyde-phosphate dehydrogenase, either when glycolytic NAD is being reduced too fast (in the presence of phosphate) or when NADH is being reoxidised too slowly (in the presence of lactate). This lag in NADH reoxidation was usually associated with a lowering of glycolytic flux at room temperature which thus could benefit from temperature increase (Kohen et a!., 1970) . Thus, an effect analogous to temperature increase could arise after NAD supplementation-an alteration in the NAD/NADH equilibrium and increased metabolic activity from a temperature-specific base level leading to decreased development time. This effect would be expected to diminish as temperature increased and this was observed in the experiments presented.
Thirdly, supplemented NAD could have interconverted the constituent isozymes of a variety of allozymes (Dunn et a!., 1969; Wilkinson, 1970; Page, 1976; Lehninger, 1982) . The decreased larval development time observed in the presence of NAD could thus be due to relatively more efficient isozyme profiles being available for metabolic activity in the stressful conditions. Data for Adh are relevant here since NAD together with a carbonyl compound can interconvert ADH isozymes with subsequent changes in the functional abilities of the allozymes (Jacobson, 1968; Ursprung and Carlin, 1968; Dunn et a!., 1969; Jacobson et a!., 1970 Knopp and Jacobson, 1972; Schwartz et a!., 1975; Schwartz and Sofer, 1976; van Delden and Kamping, 1980; Winberg et aL, 1982; McKechnie and Geer, 1984) . Finally, it is suggested that supplemented NAD directly enhances electron flow into the electron transport chain and therefore directly affects energy availability during development ( fig. 1) . The hypothesis proposed is that enhanced energy availability at the cellular level can be regarded as being equivalent to enhanced gene expression, such that developmental processes are accelerated. The fact that development was accelerated in the presence of NAD seems to support this hypothesis. Since the above explanations are related, any conclusions regarding the physiological and metabolic effects of temperature, nutrient stress and NAD upon larval development must await further experiment.
Turning to the allozyme polymorphisms, the results show no significant differences between genotypes for both Adh and Gpdh. There was also no evidence for a fitness interaction between both loci as found in the presence of ethanol by Cavener and Clegg (1978, 1981) . This lack of significant genotypic effects contrasts with many other laboratory studies for these loci (Berger, 1971; McKechnie et a!., 1981; van Delden, 1982; Cavener, 1983 ) and could be due to statistical limitations associated with the experiments presented here. Data sets were relatively small and hence, detection of small selection coefficients which are to be expected for allozyme loci was restricted (Lewontin, 1974) . There is also the limited power of the survival data in detecting genotypic effects since genotypic fitness differences were primarily estimated indirectly by comparisons between experimental and control survival levels rather than directly by comparisons between surviving and dead flies. The latter experiments generally require manipulation of strains in the laboratory which was considered important to avoid since significant results for Adh are frequently associated with laboratory strains and not with strains recently derived from the field (Oakeshott, Gibson and Wilson, 1984; Kohane and Parsons, 1986) .
The non-significant results also possibly indicate a requirement for supplementation of the substrates of the enzymes studied-ethanol for ADH and dihydroxyacetone phosphate for GPDH. For example, dietary ethanol and sucrose can modulate ADH and GPDH in D. melanogaster larvae (McKechnie and Geer, 1984; Geer et a!., 1983) . Further, the chosen environmental conditions may not have been sufficiently stressful for field larvae (Kohane and Parsons, 1986) , although genotypic differences have been detected under similar conditions for laboratory adapted larvae (De Jong and Scharloo, 1976; McKechnie et aL, 1981; McKechnie and Morgan, 1982) . Therefore, together with the proposed temperature x NAD interaction, exposures to temperatures less than 15°C and greater than 29°C, increased nutritional stress and substrate supplementation at extreme and optimal levels may be required to demonstrate selection upon single loci for field larvae. This paper has been concerned with assessment of the effects of environmental stress and altered energy availability upon larval fitness in D.
melanogaster. Results indicated significant effects at the phenotypic level but not at the genotypic level for allozyme loci. These results therefore support Kohane and Parsons (1986) and suggest that a phenotypic approach studying environmental stresses and altered energy availability may be useful in the assessment of fitness variation in D. melanogaster populations. For example, study of isofemale strains differing in survivorship and development time under conditions of stress and qualitative and quantitative variation in energy availability is considered relevant. Further, extrapolation of the phenotypic approach to the genetic level (Thompson and Thoday, 1979; Parsons, 1980 ) may more precisely resolve the roles of allozyme loci such as Adh and Gpdh in stress tolerance and energy metabolism than is the situation as discussed above and as indicated in the literature. Finally, the approach outlined here may enable direct assessment of how variation in energy flow through organisms is translated into genotypic fitness differences, leading to an improved understanding of the bioenergetic constraints imposed upon evolutionary change (Watt, 1986) .
